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Abstract  27 
Designing protected areas configurations to maximize biodiversity is a critical conservation goal. 28 
The configuration of protected areas can significantly impact the richness and identity of the 29 
species found there; one large patch supports larger populations but can facilitate competitive 30 
exclusion. Conversely, many small habitats spreads risk but may exclude predators that typically 31 
require large home ranges. Identifying how best to design protected areas is further complicated 32 
by monitoring programs failing to detect species. Here we test the consequences of different 33 
protected area configurations using multi-trophic level experimental microcosms. We 34 
demonstrate that for a given total size, many small patches generate higher species richness, are 35 
more likely to contain predators, and have fewer extinctions compared to single large patches. 36 
However, the relationship between the size and number of patches and species richness was 37 
greatly affected by insufficient monitoring, and could lead to incorrect conservation decisions, 38 
especially for higher trophic levels.  39 
  40 
Introduction 41 
The designation of protected areas remains at the heart of conservation efforts (Watson et al. 42 
2016). When designing protected areas, managers are tasked with deciding whether greater 43 
outcomes may be achieved by investing in a small number of large, or a large number of small 44 
protected areas (Diamond 1975). A small number of large protected areas may allow species to 45 
exist at higher population abundances, thereby reducing extinction risk (Mccarthy et al. 2011). 46 
This issue of home range may be especially true of apex predators, which may require larger 47 
home ranges than species in lower trophic levels (Mcnab 1963; Fauvelle et al. 2017). However, 48 
having a small number of protected areas may increase stochasticity, demographic and 49 
otherwise, potentially decreasing the number of species protected through extinctions (Whittaker 50 
& Fernández-Palacios 2007). In addition, a small number of large protected areas may increase 51 
the chance that the whole network becomes dominated by a few highly competitive species 52 
(Schippers et al. 2015). Given the potentially negative outcomes for a small number of large 53 
protected areas, managers may instead opt for a large number of smaller protected areas (Higgs 54 
& Usher 1980; Simberloff & Abele 1982; Wintle et al. 2019). However, a large number of 55 
smaller locations may be unable to support species with large resource requirements, and runs 56 
contrary to principles from species-area relationships and the theory of island biogeography 57 
(Diamond 1975; Tjørve 2010). The question of “single/few large” or “several/many small” (The 58 
SLOSS or FLOMS debate) has received a substantial amount of attention in the decades since its 59 
inception, but whether greater biodiversity outcomes are achieved through a small number of 60 
large protected areas, or a large number of small protected areas remains unresolved. It therefore 61 
becomes critical to test the consequences of different protected area configurations using a 62 
replicated, manipulable system that contains a suite of species embedded in a complex, 63 
multitrophic foodweb. 64 
  Having sufficient information relating to the distribution of species is critical when 65 
making any decisions about the importance of different habitat patches (Maxwell et al. 2015). 66 
Insufficient sampling may fail to detect species when they are present, leading to biased 67 
estimates of site occupancy (Mackenzie et al. 2003; Loehle & Weatherford 2017). In addition, 68 
monitoring efforts should be designed so as to achieve sufficient temporal and spatial coverage 69 
to understand the state of the system (Legg & Nagy 2006; Rhodes & Jonzén 2011). For example, 70 
while targeted monitoring may provide information as to whether or not a particular species of 71 
interest is present, it may fail to detect species that exist in non-targeted locations, leading to an 72 
underestimate of total biodiversity (Nichols & Williams 2006; Nielsen et al. 2009).  Given the 73 
difficulties associated with monitoring wild systems, understanding whether better conservation 74 
outcomes are achieved through the designation of few large or several small protected areas 75 
becomes difficult. It therefore becomes necessary to test how allocating protected areas using 76 
imperfect information affects conservation outcomes compared to those generated using perfect 77 
information.  78 
 Laboratory-based systems provide an ideal arena to test questions relating to the 79 
SLOSS/FLOMS debate, and the issue of monitoring, as populations of multiple interacting 80 
species can be assembled and closely monitored. One system used to test broad ecological 81 
concepts is that based on freshwater ciliate protozoa due to their small size, ease of manipulation, 82 
and high replicability (Drake & Kramer 2012; Altermatt et al. 2015). In addition, the global 83 
biomass of protists has been estimated to be double that of the animal kingdom (Bar-On et al. 84 
2018), highlighting their ecological relevance. The short generation times of the species used 85 
means that multi-generational data can be rapidly collected, making the system ideally suited for 86 
studies on population biology (Lawler & Morin 1993; Hammill et al. 2015), community ecology 87 
(Clements et al. 2013a; Carrara et al. 2015), metacommunity dynamics (Holyoak & Lawler 88 
2005; Resetarits et al. 2018), biodiversity-ecosystem function experiments (DeLong & Gibert 89 
2019), and conservation issues (Fryxell et al. 2006; Benton et al. 2007). The protist system can 90 
also contain complex food webs, consisting of up to four trophic levels that incorporate 91 
omnivory and specialization (Forbes and Hammill 2013, Fig 1). Protist microcosms represent an 92 
excellent system to address the SLOSS/FLOMS question as customized microcosms of a range 93 
of different sizes can be easily and accurately produced. The individual microcosms can then be 94 
combined to produce portfolios of microcosms that are representative of suites of protected areas 95 
that have no connectivity, a situation present in ~50% of global protected areas (Santini et al. 96 
2016; Saura et al. 2018).  97 
 We performed an experiment to test how the configuration of simulated protected areas 98 
performs in terms of the amount of species represented, and how different monitoring protocols 99 
affect our ability to detect what species were present. The experiment utilized custom designed 100 
protist microcosms of varying volumes that were inoculated with nine species. Each microcosm 101 
(or patch) was disconnected from each other, and is intended to represent a single, isolated 102 
protected area. Individual patches were periodically sampled to assess the abundances of the 103 
species present. These patch-level data were then used to construct protected area portfolios 104 
(analogous to "experimental landscapes" used in Pasari et al. 2013; Hammill et al. 2018) that 105 
allowed us to investigate whether for a given total area, better biodiversity outcomes were 106 
achieved through few large or many small patches. Protected area portfolios were produced by 107 
combining (without replication) the abundance data for between 1 and 8 of the patches, and the 108 
number of patches and total volume was recorded. To these portfolios with perfect knowledge of 109 
the community composition we then applied various imperfect sampling protocols. Using this set 110 
up we were then able to ascertain how increasing the number of patches vs. increasing the 111 
overall size of the portfolio 1) affects the number of species present in the system, 2) affects the 112 
presence or absence of apex predators, 3) alters the number of extinctions, and 4) how imperfect 113 
sampling changes our ability to discern between optimal and suboptimal management options.  114 
 115 
Methods 116 
Experimental microcosms 117 
The experiment was conducted using custom-designed, 3D-printed microcosms, produced at 118 
GoR3 Printing Services (Logan, UT, USA) on a Formlabs© Form 2 printer using Formlabs© 119 
standard resin in white. The 3D printer was used to create 9 (160mm * 140mm * 14mm) plates, 120 
each of which had 5 unconnected patches, one each of 4, 8, 16, 32 and 64ml, for a total of 45 121 
patches. Patches were designed in such a manner that as overall ecosystem size increased, 122 
surface area to volume ratio, and edge to volume ratio both remained constant (supplementary 123 
material).  124 
Experimental media consisted of 0.4 g/L crushed protozoa pellets (no. 13-2360; Carolina 125 
Biological Supply, Burlington, NC, USA) dissolved in Purelife™ mineral water (Nestle, USA). 126 
Plates were covered by Perspex lids to reduce evaporation and were topped up to their original 127 
level every 3.5 days with deionized water. Following top up, 10% of the media was removed 128 
from each ecosystem and replaced in order to ensure some nutrients were available for bacterial 129 
growth (Forbes & Hammill 2013; Hammill et al. 2015). All patches were initially inoculated 130 
with the following (values in parentheses give the initial inoculation densities) Paramecium 131 
multimicronucleatum (50 ind.ml-1), Paramecium aurelia (100 ind.ml-1), Blepharisma sp (50 132 
ind.ml-1), Euplotes sp (50 ind.ml-1), Tetrahymena sp (200 ind.ml-1) and Didinium nasutum (5 133 
ind.ml-1), the algae Volvox (20 ind.ml-1), the Turbellarian flatworm Stenostomum virginianum (2 134 
ind.ml-1), and the rotifer Philodina (10 ind.ml-1). The community was supported by a bacterial 135 
basal resource consisting of Serratia and Bacillus subtilis. The food web consisted of three 136 
trophic levels, with intraguild predation occurring (Fig 1). We defined Stenostomum and 137 
Didinium as apex predators as they are not consumed by any species, and do not consume the 138 
basal resource. All taxa were obtained from Carolina Biological Supply (Burlington NC) with 139 
the exception of S. virginianum, which were raised from a single individual isolated from a pool 140 
on the Logan river, UT.  141 
 The experiment was conducted at 19oC on a 16hr:8hr light:dark cycle and ran for 21 142 
days. On day 21, the entire media in each patch was analyzed using a Bogorov counting chamber 143 
and we recorded total number of taxa present (species richness), whether the ecosystem 144 
contained apex predators, the total abundance of each taxa in the ecosystem, and whether any 145 
extinctions had taken place. As all taxa were inoculated into each patch, an extinction was 146 
deemed to have occurred if a taxa was not detected in the total sample on day 21.  147 
 148 
Protected area portfolios 149 
We combined the abundance data from each patch to produce 21045 portfolios of patches 150 
by sampling without replacement a specified number of patches (from 1 to 8). It is critical to note 151 
that within these portfolios, there was no connectivity among the patches, meaning they 152 
represent an extreme condition as connectivity represents a critical landscape characteristic 153 
(Taylor et al. 1993). However, this lack of connectivity is considered representative of 50% of 154 
protected area networks in the field, (Santini et al. 2016; Saura et al. 2018). Within our portfolios 155 
there was therefore no potential for some processes associated with reducing extinctions in 156 
natural populations, such as rescue effects (Ferraz et al. 2007).   In total we had abundance data 157 
for 45 patches, meaning the total number of potential portfolios was greater than 1.6e56, forcing 158 
us to use a subsample. We used data from all single-patch portfolios (45 portfolios). The 159 
remaining 21000 portfolios were produced using a stratified sampling protocol to produce a 160 
balanced number of portfolios across different combinations of patch number (3000 for each 161 
patch number) and total volume. Some configurations were not possible given the physical 162 
characteristics of the patches (i.e. maximum volume of a single patch is 64ml, therefore a 163 
portfolio consisting of 2 patches cannot have a volume of 150ml). We used the following 164 
parameters as descriptive variables in all analyses - the number of patches within the portfolio 165 
and the total volume. To compare how these descriptive variables affected diversity, we 166 
calculated (i) portfolio level species richness (ii) whether the portfolio contained apex predators, 167 
and (iii) number of extinctions from whole portfolios. Each response variable was analyzed using 168 
a generalized linear model, and we used hierarchical partitioning (Chevan & Sutherland 1991) to 169 
estimate the proportion of the total variation in each response variable attributable to patch 170 
number and total portfolio volume. We opted to use hierarchical partitioning in place of 171 
reporting p-values for the portfolio-level analysis as hierarchical partitioning demonstrates the 172 
importance of each response variable, and the large sample sizes used in our experiment are 173 
always likely to generate significant p-values. To specifically look at effect sizes and address the 174 
SLOSS/FLOMS question, we also looked at the difference in each biodiversity metric between 175 
portfolios containing 1 patch of 64ml (single large), and 8 patches that total 64ml (several small). 176 
To tease apart how the number of patches in a portfolio and total portfolio volume influenced our 177 
response variables, we split the data and ran individual models looking at total portfolio volume 178 
for each number of patches.  179 
 180 
Imperfect sampling protocols 181 
We applied imperfect sampling to understand how different search efforts and protocols provide 182 
information about diversity measures.  Following the method of Clements et al. (2013, 2015) we 183 
implemented four search efforts (“SE”) – 0.1ml, 1ml, 10ml, and 100ml. In addition, we 184 
simulated four search regimes (“SR”) that determined how search effort was split across patches 185 
within the portfolio – (i) from the smallest to largest patch, (ii) from the largest to smallest patch, 186 
(iii) uniformly across all patches, and (iv) randomly allocating which patch was searched first. 187 
For the smallest to largest, largest to smallest, and random search regimes the search effort was 188 
allocated to a single patch, then any remaining search effort was reallocated to the next patch and 189 
so on. For uniform sampling SE was divided amongst the patches in the portfolio, regardless of 190 
the patch size. To assess whether a species was observed in a patch under a given SE, the SE 191 
allocated to that patch was converted to a percentage of the patch sampled. The number of 192 
individuals of each species observed was then calculated by drawing a binomial random variate 193 
with size equal to the known abundance of the species in the patch and probability set to the 194 
percentage search effort. All analyses were conducted using the R statistical programming 195 
language (R Core Team 2018). 196 
  197 
Results 198 
Patch volume  199 
Patch volume accounted for 30.04% of the variation in species richness, with increased volume 200 
being associated with increased richness (z = 2.12, P = 0.034, Fig 2a). Increased volume also 201 
increased the chance of apex predators being present (z = 2.163, P = 0.031, Fig 2b), accounting 202 
for 26.63% of the total variation. Increased volume also all decreased the number of extinctions 203 
(Fig 2c), accounting for 30.20% of the variation in extinction number (z = -2.65, P = 0.0081, Fig 204 
2c). 205 
 206 
Portfolio configuration 207 
Increasing the number of patches represented a significantly better option when aiming to 208 
increase species richness and reduce the number of extinctions than increasing portfolio number 209 
(GLM with Poisson distribution Fig 3). Overall species richness within a portfolio increased as 210 
patch number and total volume increased (Fig 3a), accounting for 25.47% and 15.11% of the 211 
variation in species richness respectively (hierarchical partitioning). With respect to 212 
SLOSS/FLOMS, GLM outputs predicted that for portfolios of 64ml, species richness increased 213 
39.20% ± 1.71% from 6.64 ± 0.43 species in a one patch portfolio to 9.01 ± 0.32 species in an 214 
eight patch portfolio. When the data were split on the basis of patch number and individual 215 
models run, model outputs revealed that at any given volume, to increase species richness to the 216 
same extent as adding a patch to the portfolio would require a volumetric increase of 25.12ml ± 217 
7.41ml (Fig 3a). The probability that all nine species were present on day 21 increased with 218 
patch number and portfolio volume (GLM with binomial distribution Fig 3b). Patch number 219 
accounted for 14.59% of the total variation in the probability a portfolio contained all nine 220 
species, while total portfolio volume accounted for 9.94%. GLM model outputs predicted that 221 
the probability a 64ml portfolio contained all nine species increased by 15.36 ± 0.25 times from 222 
0.049 ± 0.002 for a single large patch portfolio to 0.76 ± 0.010 for an eight patch portfolio. GLM 223 
outputs also revealed that total portfolio volume would need to increase by 61.77ml ± 1.66ml 224 
(Fig 3b) in order to achieve the same benefit as increasing the number of patches by one while 225 
keeping volume constant.  226 
 The probability that a portfolio contained apex predators increased as both the number of 227 
patches and total portfolio volume increased (Fig 3c). The number of patches within the portfolio 228 
and total portfolio volume accounted for 6.04% and 4.13% of the total variation in apex predator 229 
probability respectively. In terms of the SLOSS/FLOMS question, GLM model outputs predicted 230 
that the probability a 64ml portfolio contained predators increased by 2.02% ± 1.30 % from 0.97 231 
± 0.007 when the portfolio contained a single large patch to 0.99 ± 0.06 when the portfolio 232 
contained 8 patches. To further tease apart how patch number and portfolio volume affect 233 
predator probability we again split the data and ran separate models. We constrained out analysis 234 
to portfolios containing < 5 patches due to the very high probability of predators occurring in all 235 
portfolios with 5 or more patches. We found the total volume of the portfolio would need to 236 
increase by 2.53ml ± 0.36ml to increase the probability of apex predators being present to the 237 
same extent as keeping volume constant but increasing the number of patches by 1 (Fig 3c). 238 
   The number of extinctions observed at the portfolio level decreased as both patch 239 
number and total portfolio volume increased (Fig 3d). Patch number and total portfolio volume 240 
accounted for 25.24% and 23.33% of the variation in patch number respectively. GLM outputs 241 
indicated the number of extinctions being reduced by 32.18% ± 2.38% from 1.61 ± 0.024 to 0.52 242 
± 0.015 as the number of patches increased from one to eight in a 64ml portfolio. When the 243 
portfolios were split on the basis of patch number, to reduce the number of extinctions to the 244 
same extent as increasing the number of patches in a portfolio would require increasing overall 245 
portfolio volume by 15.56ml ± 0.25ml (Fig 3d).  246 
 247 
Imperfect sampling and optimal portfolio configurations 248 
Imperfect sampling significantly altered the probability of observing all nine taxa (Fig. 4), with 249 
low search efforts (0.1ml) typically detecting around 1/3 of the species observed with high 250 
search efforts (100ml). We however found a significant interaction between search effort and the 251 
search regime (how search effort was allocated across patches). At high search efforts (100ml) 252 
the search regime had little effect on the number of species detected (Fig. 4), whilst at low search 253 
efforts choosing the right search regime had a significant impact on the ability to determine the 254 
species richness of the portfolios (Fig. 4). Of the four search regimes, uniform sampling detected 255 
the highest number of species when search efforts were low to moderate (0.1ml to 10ml). Where 256 
search effort was directional (allocated either from large to small patches, or from small to large) 257 
and low (0.1ml and 1ml) there was an interaction between the volume of the portfolio and patch 258 
number, making it possible to significantly underestimate the species richness of large portfolios 259 
with many patches (which in reality contained the most species) (Fig. 4). 260 
 The probability of detecting apex predators was determined by the search regime 261 
implemented, the search effort, and the number of patches within a portfolio (Fig. 5). Again, 262 
uniform sampling produced the least biased estimates of apex predator presence regardless of 263 
search effort, whilst other search regimes typically overestimated the importance of small, low 264 
volume portfolios at low search efforts (0.1-10ml). However, uniform sampling showed a 265 
significant decline in the probability of observing apex predators with increasing portfolio 266 
volume at low search efforts, whereas in reality patch volume and the number of patches had a 267 
significant positive effect on the number of predators present (Fig. 3c). At high search efforts 268 
both small to large and large to small search regimes underestimated the importance of high-269 
volume portfolios with high numbers of patches (Fig. 5).  270 
 271 
Discussion 272 
The question of whether conservation managers should invest in a few large, or many small 273 
protected areas has resurfaced multiple times since its inception (Diamond 1975; Higgs & Usher 274 
1980; Simberloff & Abele 1982; Virolainen et al. 1998; Whittaker & Fernández-Palacios 2007; 275 
Lindenmayer et al. 2015; DeLong & Gibert 2019). Our results reveal that with perfect 276 
information about the system (i.e. the entire portfolio is sampled), increasing the number of 277 
patches within a portfolio increases species richness, increases the likelihood of apex predators 278 
being present, and decreases extinctions. However, our analyses also demonstrate that 279 
“incorrect” results (i.e. deducing that fewer patches increase the probability of maximizing 280 
species richness) may be observed if the amount of the portfolio sampled is insufficient, and/or 281 
an incorrect sampling protocol is used.  282 
 At the single patch level, we found that higher levels of species richness and lower levels 283 
of extinction were associated with greater patch volumes. These results agree with classic 284 
concepts such as the species area relationship (Preston 1962; Connor & McCoy 1979) and the 285 
theory of island biogeography (MacArthur & Wilson 1967), which state that as patch area 286 
increases, richness should increase through reduced extinction rates. As all species were initially 287 
inoculated into all patches, extinction represents the only way richness can decline, via either 288 
competitive exclusion (Hardin 1960; Johnson & Bronstein 2019), over-exploitation by predators 289 
(Delong & Vasseur 2013) or stochasticity (Melbourne & Hastings 2008). With respect to higher 290 
trophic levels, we found that greater patch volume increased the probability of apex predators, 291 
agreeing with previous studies describing how larger patches provide sufficient resources to 292 
support predator populations (Post et al. 2000). In our present study apex predators were found 293 
in all patches greater than 30ml in volume, however they were also present in five of the nine 294 
smallest patches (4ml). As all species were inoculated in all patches, the lack of apex predators in 295 
some smaller patches suggests stochastic extinctions potentially due to small population sizes in 296 
the small patches. Given recent work showing the importance of apex predators as indicators of 297 
healthy patches (Atwood & Hammill 2018) and drivers of resilience (Llope et al. 2011), one key 298 
management goal might be to increase the probability of apex predators persisting. Our results 299 
suggest that if this is to be achieved, portfolios should contain at least some large habitats.  300 
 With respect to portfolio-level species richness, we found that to increase the probability 301 
of all nine species being present to the same extent as adding a single patch would require a 302 
volumetric increase of over 60ml, a volume greater than 4 of the 5 patches used in the study. 303 
This requirement of a large increase in volume suggests that partitioning a portfolio into a greater 304 
number of patches, rather than just increasing size, may be a more efficient process to yield 305 
biodiversity gains (Oertli et al. 2002; Rösch et al. 2015). The importance of multiple patches for 306 
species richness is further highlighted by the amount of variation in species richness associated 307 
with changes in patch number, and the substantial increase in richness observed between a 1-308 
patch an 8-patch portfolio of 64ml total volume. However, the factors determining whether a 309 
portfolio contained apex predators were less clear, with an increase of just 2.53ml being required 310 
to achieve the same benefit as increasing patch number. Given that the smallest patch used in the 311 
study was 4ml, a volume greater than 2.53ml, increasing patch number may not be the best 312 
option to increase apex predator probability. Total portfolio volume also accounted for a greater 313 
proportion of the variation in the probability a portfolio contained apex predators, and the 314 
difference in the probability of predator presence between a 1-patch and an 8-patch 64ml 315 
portfolio was very small. These modest increases associated with increased patch number 316 
suggest it may be better to incrementally increase the size of patches rather than add another. 317 
This process of incrementally increasing the amount of habitat may also be cheaper than 318 
establishing new areas, due to previously demonstrated economies of scale (Balmford et al. 319 
2004; Bruner et al. 2004). Our results therefore suggest that the next step to be taken to increase 320 
biodiversity outcomes may depend on management goals. If the primary goal is to increase the 321 
chance that the portfolio contains the maximum number of species, then adding a new patch to 322 
the portfolio would generate the best potential outcomes. Conversely, if the main goal is to 323 
increase the chance that a portfolio contains apex predators (Macdonald et al. 2015), then 324 
incrementally increasing the size of existing protected areas within the portfolio may be a better 325 
option, highlighting the need to identify clear, quantifiable goals to guide management 326 
(Moilanen et al. 2009).  327 
Imperfect sampling of the portfolios generated qualitatively different outcomes than 328 
when portfolios were perfectly sampled. Most critically, when search effort was low (i.e. 0.1ml 329 
or 1ml) and total patch volume was > 100ml, the probability of observing all nine species was 330 
higher when patch number was lower for all but the uniform sampling regime. This result is the 331 
opposite of that obtained when the entire portfolio was perfectly sampled, and highlights the 332 
need for monitoring programs to have sufficient power to understand the overall system (Legg & 333 
Nagy 2006; Rhodes & Jonzén 2011). For portfolios with many patches, the probability that at 334 
least one of the patches would be small (i.e. 4ml) is increased. The increased chance of there 335 
being one small patch would mean that under a “small to large” search protocol, it is likely that 336 
all the search effort would be put into sampling a small patch, which were never observed to 337 
contain all nine species. Therefore, under a “small to large” search protocol with a large number 338 
of patches, it becomes difficult to observe all nine species, even though other patches in the 339 
portfolio may contain other species. When patch number is small, the chance of there being at 340 
least one small patch is reduced, increasing the probability that a larger patch is sampled under a 341 
“small to large” protocol. Under a “large to small” search protocol, the chance that very large 342 
(i.e. 64ml) patches were selected for search would increase as patch number increased. For these 343 
large patches, a small search effort appears insufficient to detect all nine species. The insufficient 344 
effort dedicated to a large patch may explain why in a “large to small” search protocol, the 345 
probability of detecting all nine species decreases as patch number increases. However, with 346 
sufficient search effort (i.e. >=10ml sampled) or under a “uniform” sampling regime, 347 
qualitatively similar results are obtained under imperfect sampling as for perfect, highlighting the 348 
effectiveness of proper monitoring protocols (Lindenmayer & Likens 2010). The negative 349 
consequences of insufficient sampling and/or an inappropriate protocol become more apparent 350 
with respect to predator detection. Due to their lower population densities and wide ranges, 351 
predators may require either more search effort, or the importance of correct monitoring 352 
protocols may be increased (Johnson et al. 2019). In the present study when search effort is 353 
0.1ml – 10ml, both a small to large protocol and a large to small protocol always produce 354 
incorrect results (i.e. predators are more likely in low volume portfolios that contain few 355 
patches). In addition, even a uniform sampling protocol may produce incorrect results if the 356 
search effort is 1ml and portfolio volume is less than ~25ml, highlighting the need for sufficient 357 
power and an appropriate sampling design (Lindenmayer & Likens 2010; Rhodes & Jonzén 358 
2011). These results have significant implications for the monitoring of protected areas, and 359 
implies that when dividing limited search effort across multiple habitats, the same amount of 360 
absolute effort should be invested to each patch regardless of their size, as doing so reduces the 361 
chances of biodiversity estimates being different to what is taking place in the system. 362 
In conclusion, our results show that for a given total size, increasing the number of 363 
patches appears to generate better biodiversity outcomes than increasing patch size if the goal is 364 
to maximize diversity. However, our results highlight the importance of appropriate monitoring 365 
schemes, as insufficient effort or incorrect protocols generate estimates of species richness that 366 
are the inverse of those generated with perfect information. This is particularly true when 367 
conserving higher trophic level species such as apex predators, which are both of critical 368 
importance for the functioning of ecosystems (Atwood et al. 2015), and difficult to conserve due 369 
to their range requirements.  370 
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  525 
Figure Legends 526 
Fig. 1. Proposed food web of the communities used in the experiment. The food web consists of 527 
multiple trophic levels and includes a high degree of intraguild predation. UV lighting was 528 
provided to facilitate primary production. Consumptive links were obtained from (Lawler & 529 
Morin 1993; Spencer & Warren 1996; Worsfold et al. 2009; Forbes & Hammill 2013).  530 
 531 
Fig. 2. Effects of increasing the volume of a single ecosystem on (a) species richness, (b) the 532 
probability of predators being present in an ecosystem, and (c) the number of observed 533 
extinctions. Solid lines represent individual model outputs for each ecosystem number, dashed 534 
lines represent standard errors.  535 
 536 
Fig. 3. Relationship between the number of patches in a landscape and total landscape volume on 537 
(a) landscape level species richness and (b) the probability a landscape contained all nine 538 
species. Effects of increasing total landscape volume and the number of patches in a landscape 539 
on (c) the probability a landscape contains predators and (d) the number of extinctions in a 540 
landscape. in the case of predator probability (c), all landscapes with 5 or more patches or greater 541 
than 50ml in volume contained predators, so we limited the analysis to a subset of the data. Solid 542 
lines represent model output for individual models ran for each ecosystem number, dashed lines 543 
represent standard errors.  544 
 545 
Fig 4.  Effects of imperfect sampling and search regimes on the probability of observing all nine 546 
species. Uniform sampling consistently detected the greatest number of species regardless of 547 
search effort, whilst at low search efforts directional sampling (where the search effort was 548 
allocated either from large to small patches, or from small to large patches) suggested that small 549 
landscapes with few patches contained more species that large landscapes with many patches, 550 
when in fact the opposite was true.  551 
 552 
Fig 5. Effects of imperfect sampling and search regimes on the probability of apex predators 553 
being observed in a portfolio. Uniform sampling produced the most reliable estimates of apex 554 
predator presence regardless of search effort, however at low search efforts the results suggest 555 
that a few small patches are more likely to harbor an apex predator than a larger number of 556 
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